Abstract. In-core temperature measurement is a critical issue for the safe operation of nuclear reactors. Classical thermocouples require shielded connections and are known to drift under high neutron fluence. As an alternative, we propose to take advantage of the multiplexing capabilities of fiber Bragg grating (FBG) temperature sensors. Our experiments show that sensitivity to radiation depends on both the radiation field and the grating characteristics. For some FBGs installed in an aircooled graphite-moderated nuclear reactor the difference between the measurements and the readings of calibrated backup thermocouples was within the measurement uncertainty. In the worst case, the difference saturated after 30 h of reactor operation at about 5°C. To reach megagray per hour level gamma-dose rates and 10 19 neutron/cm 2 fluences, we irradiated multiplexed FBG sensors in a material testing nuclear reactor. At room temperature, FBG temperature sensors can survive in such radiation conditions, but at 90°C a severe degradation is observed. We evidence the possibility to use FBG sensing technology for in-core monitoring of nuclear reactors with specific care under wellspecified conditions.
Introduction
The nuclear industry shows a growing interest in the possibilities offered by fiber optic technology for both data communication and sensing applications. [1] [2] [3] [4] [5] [6] Structural integrity monitoring of reactor containment buildings, nuclear waste repository monitoring and remote control of dedicated tools may benefit from the use of multiplexed optical strain sensors. [7] [8] [9] [10] Radiation-induced attenuation in optical fibers could also be used to build on-line gamma dosimeters. [11] [12] [13] [14] [15] Finally, temperature measurement by means of fiber optic sensors could also improve the monitoring and safety control of nuclear installations. Distributed temperature measurements, for example, enable a permanent monitoring of the reactor primary circuitry.
A major problem in the application of electronic or photonic equipment in the nuclear industry is the presence of ionizing radiation fields. Any electronic or photonic component may suffer from exposure to nuclear radiation, which compromises the reliability of advanced instrumentation systems. Therefore, it is necessary to investigate how the components behave when exposed to radiation and, in most cases, to adapt their design to increase their tolerance to radiation.
Ionizing radiation produces wavelength-dependent radiation-induced attenuation in optical fibers. 18 -20 Commercially available fiber optic sensors may therefore need to be redesigned to withstand substantial radiation doses, 2, 9 in particular when their working principle relies on intensity-encoded measurements. One way to tackle this problem is to rely on Fiber Bragg grating ͑FBG͒ temperature sensors, [21] [22] [23] since these operate in a narrow spectral range (Ͻ5 nm). Wavelength-encoded measurements should be insensitive to broadband-radiation-induced losses.
Our preliminary results already confirmed that commercial off-the-shelf temperature sensing FBGs, when exposed to gamma radiation only, 24 -26 are tolerant to ionizing radiation.
In this paper, we consider temperature monitoring inside a nuclear reactor core. We take advantage of the multiplexing capabilities of FBG temperature sensors to perform incore multipoint temperature measurements.
After a short review of radiation effects on FBGs, we report on temperature measurements performed in the BR1 reactor (SCK•CEN), an air-cooled graphite-moderated reactor. Then, we present our irradiation results in the BR2 reactor (SCK•CEN), a low-pressure water-cooled material testing reactor.
Radiation Effects on Fiber Bragg Gratings

Background
An FBG is a periodic modulation of the refractive index in the core of a singlemode fiber. When the FBG is illuminated by a broadband source, a narrow band of wavelengths centered around one particular wavelength known as the Bragg resonance wavelength B is reflected; B is given by
where ⌳ is the grating period, and n eff is the effective index of refraction of the propagating mode. The use of a FBG as temperature sensor is based on the dependence of B on the applied temperature. For a restricted temperature interval, this temperature dependence can be approximated with a linear expression:
where B (T 0 ) is the Bragg wavelength measured at the reference temperature T 0 , and K T is the temperature sensitivity. The temperature sensitivity of a FBG is about 10pm/°C. If the values of B (T 0 ) and K T are given, the applied temperature can easily be derived from Eq. ͑2͒.
Ionizing radiation produces defects in the fiber that change the characteristics of the grating. The use of FBG temperature sensors under radiation therefore depends on the sensitivity of B (T 0 ) and K T to radiation.
FBG Temperature Sensors under Ionizing Radiation
During the evaluation of the radiation tolerance of a FBG sensor, we must take into account both the connecting fiber and the FBG probe. In general, radiation-induced losses in the transmitting fiber degrade the SNR. This leads to an error in the Bragg wavelength estimation and erroneous temperature measurements. Vasiliev et al. pointed out that it was impossible to measure the FBG parameters at gamma doses exceeding 70 kGy due to the radiationinduced attenuation in the connecting Ge-doped fiber and concluded that the application of FBG sensors was compromised in radiation environments. 27 However, the problem of the radiation-induced attenuation in the connecting fiber can be easily solved by splicing the FBG sensor, written in a photosensitive fiber, with radiation-resistant pigtails. 28 Since the FBGs used in sensing applications are only a few centimeters long, the impact of the induced losses can be reduced. 29, 30 Previous experiments 7, 27, 28 have shown that the change of B (T 0 ) can be as high as 0.1 nm at a dose level of 0.5 MGy. The uncontrolled 0.1-nm shift corresponds to an apparent temperature change of 10°C. This hardly acceptable shift can be even higher for gratings written in N 2 -doped fiber, which has shown, however, to possess a high radiation hardness in terms of radiation-induced attenuation. In addition, the temperature sensitivity coefficient in high-Ge fibers was found to be affected by gamma radiation.
Our recent on-line characterization of FBGs under gamma radiation does not confirm those previous results. 24, 25 At a dose rate of 3 kGy/h, FBGs written in the Ge-doped photosensitive fiber AT&T Accutheter 120 exhibit a B shift of about 20 pm toward the longer wavelengths. 24 The radiation-induced Bragg peak shift saturates after a dose of about 80 kGy. The sensitivity to gamma radiation of FBGs written in hydrogen-loaded telecom fibers ͑SIECOR SMF1428, low phosporus doped͒ is higher, but also saturates after a given dose. 25 Recently, Taylor et al. reported a similar saturating behavior at a total dose of about 50 kGy under both gamma radiation and proton radiation, for gratings written in a photosensitive fiber. 31 It is difficult to compare our results to other previously reported results due to significative differences in the irradiation conditions and in the measurement procedures. Our gratings were characterized on-line whereas Vasiliev et al. 27 reported off-line measurements, neglecting therefore the postirradiation recovery evidenced by Gusarov et al. 32 and Taylor et al. 31 The long-term drifts of the interrogation schemes were not reported either, 7, 27, 28 which is crucial for studying FBGs on a longer term. 33 The results of our previous gamma irradiations can be summarized as 24 -26,29 1. The radiation sensitivity of FBGs strongly depends on the chemical composition of the fiber used for writing the FBGs. The peak shift of both the FBGs written in both hydrogen-loaded and non-hydrogenloaded Ge-doped fiber saturates at a gamma dose of about 100 kGy, whereas a FBG written in N 2 -doped fiber shows no saturation up to 1.5 MGy. 2. The lowest radiation sensitivity is achieved with standard highly Ge doped photosensitive fiber, without any pre-or postfabrication treatment. The radiationinduced peak shift reaches only 20 pm, corresponding to a fictive temperature change of about 2°C. The Bragg peak spectral full width at half maximum ͑FWHM͒ remains stable under gamma radiation. 3. FBGs written in radiation-resistant telecom fiber, after photosensitization by hydrogen loading, are more sensitive to gamma radiation. We observed a larger peak shift and a significative change in the FBG parameters, which we believe to stem from the radiolitic rupture of O-H and the Ge-H bonds, created during the FBG inscription in a H 2 loaded fiber. 34, 35 4. Gamma radiation does not affect the temperature sensitivity K T of the gratings up to 1.5 MGy.
The main advantage of the FBG sensors is the narrowband wavelength-encoding of the sensing information, which makes the sensor insensitive to broadband-radiationinduced optical power losses. Radiation-resistant pigtails must be used to connect the FBG probe with its instrumentation to keep an acceptable SNR. The sensitivity of B (T 0 ) to radiation strongly depends on the fiber chemical composition as well as on the FBG parameters and writing conditions. Due to the saturation of the radiation-induced peak shift observed in highly Ge doped fibers, we should be able to stabilize the gratings by a preirradiation of the FBG sensors. The temperature sensitivity K T remains constant under gamma radiation, within the accuracy of our measurements. The next step in the evaluation of the FBG sensing technology as a candidate for nuclear instrumentation was to irradiate such sensors under mixed gamma and neutron irradiation.
Temperature Monitoring in Low Neutron Flux
Experimental Setup
The BR1 reactor at SCK•CEN ͑Mol, Belgium͒, is an aircooled, graphite-moderated reactor, mainly used as a neutron reference source for reactor physics experiments and calibration purposes 36 see Fig. 1 . The reactor operates at 700 kW thermal power, 7 h/day. The temperature of the graphite must be permanently monitored for safety reasons. Temperature measurements are usually performed by calibrated iron-constantan thermocouples. These thermocouples were taken as reference during the irradiation of the FBG temperature sensors. The neutron fluxes were measured by means of 59 Co and 58 Ni activation dosimeters. The flux distribution along the irradiation channel is given in Fig. 2͑b͒ . We estimated the gamma dose rate to about 180 Gy/h during the reactor operation and the residual gamma dose rate is about 50 Gy/h during the shutdown periods.
This experiment aimed also at verifying if the conclusions drawn after the gamma irradiation ͑see Sec. 2͒ remain valid under mixed gamma and neutron irradiation. We therefore used FBG temperature sensors written with different preirradiation and postirradiation techniques. A 76-cm-long and 6.5-cm-diam graphite rod was instrumented with two thermocouples and four gratings ͑see probe 1 and probe 2, Table 1͒ . A 3-cm-diam aluminum tube was used to connect the temperature sensors with their instrumentation. Two additional thermocouples were placed inside this tube with the corresponding FBG temperature sensors ͑see probe 3 and probe 4, Table 1͒ . At those very low neutron fluences, the thermocouple characteristics are known to be stable.
After calibration of the thermocouples, the temperature sensitivity of the FBG sensors was measured, leading to an error in absolute temperature measurement of about 1°C. We used the optical measurement setup previously discussed by Gusarov et al. 24 Long-term drifts of the instrumentation were compensated using an external FBG inserted in an athermal packaging as a wavelength reference. The FBGs were interrogated using a LED source and an ANDO AQ-6315A optical spectrum analyzer. An external fiber was used to measure the LED source spectrum to compensate for its fluctuations. The long-term accuracy of the wavelength-detection scheme was found to be better than 5 pm or 0.5°C. Figure 2͑c͒ shows the temperature computed using G01 data and the read-out of the TC1 thermocouple. We assume that the temperature sensitivity of the FBG temperature sensors remained constant during the whole experiment. After five operation cycles, the difference is about 3°C and grows to 5°C after 15 cycles ͑23 days͒. Figure 2͑d͒ shows the difference between the temperature obtained using fiber gratings G01 and the corresponding thermocouple TC1.
Results and Discussion
The temperature peaks correspond to the consecutive reactor runs, giving steep temperature gradients due to the air cooling during the reactor operation. The thermocouples are tightly fixed on the graphite rod and the aluminum tube, whereas the FBGs were loosely laid. The thermal response of the FBG probes and the thermocouples should therefore be slightly different. The possible influence of neutrons on the temperature sensitivity is a secondary effect although it can not be totally excluded.
The behavior of Bragg gratings G01 to G04 under mixed gamma and neutron radiation is similar to that observed under 60 Co ␥ radiation. 24 However, the total dose received by the FBGs during the reactor experiment is one order of magnitude lower than the accumulated gamma dose. This could be an indication that the sensitivity of the Bragg wavelength to mixed ␥ neutron radiation is higher than that to pure ␥ radiation. The temperature sensors G08 to G10 show a very similar response to radiation, as presented in Fig. 2͑f͒ . The temperature sensor G11 drifts only by about 0.5°C, as observed during the first 12 days of the experiment. This drift is within our measurement uncertainty. G11 and G04 were located at the same position but the sensors G04 showed a significantly higher peak shift.
In-depth interpretations of the irradiation results are complicated due to significant changes in radiation flux and temperature at the different locations. Nevertheless, comparing Fig. 2͑e͒ with Fig. 2͑f͒ and considering our previous results, we can conclude that hydrogen photosensitization ͑applied to the fiber before the writing of the FBG͒ could lead to an increase of the sensitivity of the FBG sensors to both pure gamma and mixed gamma-neutron radiation.
Temperature Monitoring in High Neutron Flux
Experimental Setup
We also performed 37 an in-pile temperature monitoring inside the high flux reactor BR2 at SCK•CEN ͑Mol, Belgium͒. This reactor is a material-testing nuclear reactor, engineered to obtain very high neutron fluxes in its midplane to perform accelerated tests on reactor materials.
Activation detector foils, fixed at the FBG positions, were used to estimate the thermal, epithermal, and fast neutron flux. Gamma heating was measured by gamma thermometry. Gamma dose rate and neutron flux distributions are given in Fig. 3͑b͒ . The gamma dose rate in this channel went from 1.5 to a maximal value of 9 MGy/h. This results in a strong temperature gradient from about 50 to 90°C.
Four FBG temperature sensors from Highwave Optical Technology were multiplexed by splicing them to each other. The FBGs were written in a photosensitive optical fiber without any photosensitizing technique. The sensors were spliced to a single SMF-28 Corning pigtail. Our previous results showed that the SMF-28 fiber shows a nonlimiting radiation-induced losses ͑about 10 dB/m͒ under mixed gamma-neutron radiation with a total gamma dose of about 600 MGy and a neutron fluence of about 2 ϫ10
19 n/cm 2 , since typically lengths shorter than 1 to 2 m should be used in remote sensing applications in nuclear environments. 26 To ensure safe handling within the BR2 reactor, the fiber was inserted into a stainless steel capillary, which was mounted on a stainless tube of 25 mm diameter. A calibrated thermocouple was mounted close to each FBG temperature sensor. The gratings were physically spaced by 18 cm and spectrally spaced by about 4 to 5 nm.
The gratings were interrogated in reflection using an amplified spontaneous emission ͑ASE͒ broadband source, with an output power of 180 mW, and an ANRITSU MS9710C optical spectrum analyzer. An external fiber was used to measure the ASE spectra to compensate for the power fluctuations of the ASE source. In addition, an external temperature-stabilized FBG was used as a reference to compensate for the drifts of our measurement devices during the whole experiment, obtaining a long-term wavelength measurement accuracy better than 4 pm ͑i.e. Ͻ0.4°C͒.
Results and Discussion
Gamma preirradiation
Before the reactor irradiation, we gamma preirradiated the gratings. The gamma dose rates went from less than 1 kGy/h for FBG 1 to 27 kGy/h for FBG 4, at a temperature Figure 4͑b͒ depicts the temperaturecompensated Bragg peak shift during the gamma irradiation ͑II͒ and the postirradiation recovery ͑III͒. The saturating behavior, discussed in Sec. 2, is obvious. The FBG spectral width remains unchanged during the experiment ͓see Fig. 4͑a͔͒ , confirming our previous results.
24,34
In-reactor irradiation
Once the in-reactor irradiation started ͓timeϭ17 h, Figs. 4͑c͒ and 4͑d͔͒, all the Bragg wavelengths shift to the red ͓see Fig. 3͑c͔͒ . Since a strong temperature gradient is applied to the gratings, we took into account the temperature effects by assuming that the temperature sensitivity remains also unaffected under mixed gamma-neutron. The compensated Bragg peak shift is presented in Fig. 4͑d͒ . The drift follows a power law without any saturation. These measurements confirm the higher sensitivity of the gratings to mixed ␥-neutron irradiation. A strong increase of the FWHM of gratings FBG3 and FBG4 is also observed ͓see Fig. 4͑c͔͒ . Combining the B shift and the spectral broadening would indicate a radiation-induced erasure of the grating, at a temperature of about 90°C. Meanwhile, the reflectivity spectral widths of FBG1 and FBG2 remain unchanged. This implies that only the mean refractive index changes almost linearly with increasing dose, while the amplitude of the refractive index modulation remains unaltered. 
Conclusions
In-core temperature measurements are critical for the monitoring of nuclear reactors. We performed such measurements using multiplexed FBG temperature sensors in two nuclear reactors. We preirradiated FBG sensors in our gamma facilities before the reactor irradiation. The FBG behavior under pure gamma radiation strongly differs from that under mixed gamma-neutron radiation.
We showed, for the first time, that FBG sensors could withstand very harsh nuclear environments. In low-flux reactors, the FBG temperature sensors written in photosensitive fiber, without any pre-or postwriting treatment, remain operational due to the saturating property of the Bragg peak shift. A drift of only about 1°C was measured. In high neutron flux, we showed that the FWHM of the gratings remained almost unaltered at a low temperature, up to total dose of 160 MGy and a total fluence of about 8 ϫ10
18 neutron/cm 2 .
Finally, we showed that FBG temperature sensor networks could be used to monitor the temperature in the vicinity of nuclear reactor cores, or in environments with moderate gamma dose rates and neutron fluxes. The underlying physics governing the modification of the FBG properties under such levels of mixed ␥-n radiation is still part of an unsolved problem. Benoît Brichard received his MSc degree in applied physics engineering from the University of Brussels (ULB), Belgium, in 1996. In 1996 and 1997 he conducted a postgraduate research project at the von Karman Institute for Fluid Dynamics (VKI), Belgium, on the thermal plasma surrounding a space vehicle during its reentry. Since 1997 he has been with the Instrumentation Department, where he leads research projects in the field of irradiation technology and radiation hardening, e.g., as part of the fusion program.
